A cross-flow wind turbine has a high torque coefficient at a low tip speed ratio. Therefore, it is a good candidate for use as a self-starting turbine. Furthermore, it has low noise and excellent stability; therefore, it has attracted attention from the viewpoint of applications as a small wind turbine for an urban district. However, its maximum power coefficient is extremely low (10 %) as compared to that of other small wind turbines. In order to improve the performance and the flow condition of the cross-flow rotor, symmetrical casings with a nozzle and a diffuser are proposed and experimental research with two types of symmetrical casings is conducted. The maximum power coefficient is obtained as C pmax = 0.17 for casing 2 and C pmax =0.098 for casing 1. In the present study, power characteristics of the cross-flow rotor and those of the symmetrical casings with the nozzle and the diffuser are investigated. Then, the performance and internal flow patterns of the cross-flow wind turbine with the symmetrical casings are clarified. After that, the effect of the symmetrical casings on the performance of the turbine is discussed on the basis of the analysis results.
Introduction
With the increasing research and developments in the field of renewable energy, wind-generated electricity has attracted considerable attention as a form of natural energy. A cross-flow wind turbine has a high torque coefficient at a low tip speed ratio, good self-starting characteristics, low noise, and high stability. Therefore, it has attracted attention as a small wind turbine for an urban district. However, it has a serious drawback in that its maximum power coefficient is extremely low (10%) as compared to that of other small wind turbines. The internal flow condition of a cross-flow wind turbine has not been clarified in detail, although systematic researches on the changes in design parameters related to the blade number and the setting angle have been conducted. (1) , (2) On the other hand, researches on the use of a guide vane and a ring diffuser in a cross-flow turbine to improve the performance of the cross-flow turbine have been conducted. (3) , (4) In our previous research, we clarified that the power coefficient increased with the adoption of casings, which is limited to wind in one direction and takes into account the effect of air accumulation. (5) However, the wind in an urban and coastal regions comprises prevailing winds in two directions, such as land breeze and sea breeze, that frequently occur in a specific period and under specific conditions. Vertical-axis wind turbines like the cross-flow wind turbine have the advantage of high stability against a turbulent flow, which means that these turbines are not affected by the wind direction. Therefore, in order to improve the turbine performance while making use of the good self-starting characteristics of the cross-flow wind turbine, two casings suitable for these prevailing winds have been designed and manufactured in this research. Further the effect of these casings has been investigated by experimental and numerical analyses.
In the present paper, in order to improve the performance of the cross-flow wind turbine, symmetrical casings with a nozzle and a diffuser are proposed to adapt to the prevailing winds in two directions. Then, the performance and internal flow characteristics of the cross-flow wind turbine with the casings are clarified. First, we focus on matching the relative flow angle that is changed by the casing shape and the rotor inlet angle and the influence of the main flow direction, although the effect of the changes in the design parameters of the rotor on the turbine performance needs to be investigated in order to improve the performance of the cross-flow wind turbine. Furthermore, the influence of the symmetrical casings on the performance of the turbine is discussed, and an optimum casing shape that achieves a better performance of the cross-flow wind turbine is considered. Figure 1 shows a schematic representation of the experimental equipment. In the experiment, a wind tunnel with a square discharge of 500mm×500mm was used, and the main flow velocity was set to 20m/s in order to reduce the effect of the measurement error on the performance of the turbine. The intensity of turbulence at the outlet of the wind tunnel was 1.2%. A torque meter, a rotational speed pickup sensor, and a motor were assembled vertically with the same axis at a low position on a test wind turbine. The rotational speed and tip speed ratio could be changed using the rotational speed controller. The test wind turbine was set 600mm downstream of the wind tunnel discharge in order to take the blockage effect into account. The turbulent intensity at the position of the test wind turbine was lower than 1.2%, and the velocity distortion at the same position was lower than 3.8% in 90% of the area of the wind tunnel discharge. The experimental Reynolds number based on the blade chord length with a uniform incoming flow was approximately Re=U ∞ l/ν=2.27×10 4 .
Nomenclature
A Projected area of rotor=H×D [m 2 ] C P Power coefficient=ωT/(ρAU ∞ 3 /2) C T Torque coefficient=T/(ρAU ∞ 2 R/2) C PS Pressure coefficient=(P-P ∞ )/(ρU ∞ 2 /2) D
Experimental equipment and method

Experimental equipment and measurement method
A rotor used in the experiment and its primary dimensions are shown in Fig.2 and Table  1 . A thin circular arc blade was used. The blade number was Z=24, outer diameter was D 1 =150mm, inner diameter was D 2 =120mm, and the inner/outer diameter ratio was D 2 /D 1 =0.80. The inlet angle was β 1 =40º, and the outlet angle was β 2 =80º. Figure 3 represents the symmetrical casings. The casings were set around the cross-flow rotor and insertion holes for a pitot tube measurements were made at the upper end wall of the rotor, 5mm outside of the rotor in circumferential positions at interval of 10º. The holes were used for measuring the pressure and the velocity at the rotor inlet and the outlet. Two types of the symmetrical casings, one with a long side wall of 225mm and the other a short side wall of 150mm, were used. The former was named casing 1 and the latter casing 2. Further, an additional experiment on casing 2 was conducted using two types of side boards (1) and (2), as shown in Fig.4 . The side boards were used for suppressing the influence of the external flow on the outlet flow from the rotor and for increasing the incoming flow to the rotor. The side boards had a thickness of 10mm and width of 50mm. The set position of a side board was defined as the distance s from s=0mm, as shown in Fig.4 . The side board was set at two positions in the experiment; s=0mm, where the influence of the external flow was the least, and s=140mm, which was the maximum s position. In this experiment, the casing was inclined against the main flow as Θ=0°, 15°, and 30°, as shown in Fig.3 , in order to clarify the influence of wind direction on turbine performance. Flow distributions at the rotor inlet and the outlet were measured using a one-hole pitot tube having an outer diameter of 3.0mm. This tube was used as the substitution of a three-holes pitot tube by rotating it by ±30°. The measurement was conducted at 1/3H height from the upper end wall of the rotor. The circumferential position θ for the measurement was defined as 0° at the inlet of the rotor, and the clock-wise direction was a plus.
Numerical analysis conditions
A two-dimensional numerical flow analysis was conducted using a commercial code (Fluent6.1) for the purpose of investigating the internal flow pattern that could not be measured by the experiment. A large rectangular region(20D×15D) was used for the numerical analysis in order to not let the inlet and the outlet region flow conditions influence the results. A uniform flow of U ∞ =20m/s at the inlet region and constant pressure with a parallel flow at the outlet region were set as boundary conditions. Multiple reference frames were used for the rotating rotor region and the stationary casing region. The numerical analysis of the region except the rotor, and the rotor region was conducted using an absolute reference frame and a relative reference frame, respectively, in which the rotational speed was taken into consideration. Information was exchanged between the absolute and the relative reference frames after a frame transformation. Both the unstructured triangle mesh and the structured rectangle mesh were used for the complex shape, i.e., the rotor and the region around the rotor respectively. The standard wall function and k-ε turbulence model were applied.
Results and discussions 4.1 Performance improvement of the cross-flow wind turbine with the symmetrical casing
The power coefficient C p and torque coefficient C t of the rotor without the casing and with the symmetrical casings 1 and 2 against the tip speed ratio λ are shown in Fig.5 . The power coefficient C p of the cross-flow rotor without the casing varied like a parabolic curve;
i.e., the power coefficient was low at a low tip speed ratio λ, increased with an increase in the tip speed ratio, and became maximum (C pmax =0.098) at the tip speed ratio λ=0.36, and then decreased gradually. Further, the torque coefficient C t exhibited a negative slope curve against the increase in the tip speed ratio. On the other hand, the maximum power coefficient of symmetrical casing 1 was almost the same as that of the rotor with the casing and the tip speed ratio at the maximum power coefficient shifted lower tip speed ratio compared with the results of the rotor without the casing. The flow field at the tip speed ratio λ=0.47 under the rotational speed N=1200min -1 was investigated using the numerical flow analysis at the high power coefficient point. Figure 6 shows the streamlines of casing 1 obtained by the numerical flow analysis with the same sub-flow rate interval at the tip speed ratio λ=0.47.(N=1200min -1 ) The relative streamlines are shown around the rotor and the absolute streamlines are shown in the region other than the rotor region because the streamlines shown in this figure were obtained using the numerical model with multiple reference frames. The boundary between the rotating reference frame and the stationary reference frame is represented with a broken line. In Fig.6 , we observed that the streamline interval became wider at the rotor inlet and the flow at the rotor inlet decelerated. Further, the incoming fluid to the rotor flowed along the casing side wall because of the long side wall of casing 1 and the relative flow angle at the inlet of the rotor became large. On the other hand, the outlet flow at the rotor outlet was restricted by the side wall of casing 1. This flow condition was not preferable for improving the performance of the turbine. Therefore, the performance and flow condition of casing 2 with the short side wall were investigated. Figure 7 shows the streamlines of casing 2 obtained using the numerical flow analysis with the same sub-flow rate interval. The maximum power coefficient of casing 2 was C pmax =0.14 and increased by approximately 1.4 times as compared with the rotor without the casing. Moreover, it was confirmed in Fig.7 that the intervals between the streamlines at the rotor inlet became narrower than in the case of casing 1, and the tendency of deceleration diminished. Furthermore, the fluid at the rotor outlet flowed out without the influence of the side wall. It is considered that the power coefficient of casing 2 increased because of these improvements in the flow condition at the rotor inlet and the outlet. In order to clarify the influence of the main flow direction on performance, casing 2 was arranged diagonally against the main flow. Further, a performance test and a numerical flow analysis were carried out in addition to the investigation of the optimum inlet flow condition to the rotor. Figures 8-10 show the power characteristics obtained by the experiment and streamlines at the tip speed ratio λ=0.47 with the same sub-flow rate interval obtained by the numerical flow analysis under the condition that casing 2 was inclined against the main flow by Θ=15° and 30°. The maximum power coefficient of the inclination angle Θ=15° was the highest as C pmax =0.17; it was 1.7 times higher than that of the rotor without the casing. Furthermore, the tip speed ratio at this point increased. It was found in Fig.9 that the streamline interval at the rotor inlet became narrower than that in Fig.7 , and the velocity increased and the relative flow angle β decreased because of the inclined incoming main flow to the casing, although the incoming flow rate at Θ=15° decreased compared with the one at Θ=0° because the number of streamlines into the rotor decreased compared with that at Θ=0°. Therefore, it is considered that the relative flow angle had a value similar to the blade inlet angle and that the inlet flow condition became better than that at Θ=0°. In contrast, it was observed from Fig.8 that the power coefficient at Θ=30° was lower than that at Θ=15° and that the extreme inclination was not effective in increasing the power. It is considered that this decrease in power coefficient in the case of Θ=30° was caused by the decrease in the inflow rates according to the increase in the inclination angle and the loss due to the forced direction conversion of the outlet flow by the external flow. Figures 11 and 12 show the circumferential distributions of the relative flow angle β at the rotor inlet with the tip speed ratio λ=0.47 obtained by the numerical flow analysis and the circumferential distributions of static pressure show that P s increased from the pressure of the atmosphere at the rotor outlet measured by a one-hole pitot tube with the same tip speed ratio λ=0.47. It was observed from Fig.11 that the relative flow angle β of casing 2 was smaller than that of casing 1; further, the relative flow angle β decreased with an increase in the inclination angle Θ. The relative flow angle of casing 2 with the inclination angle Θ=15° exhibited a value closest to the blade inlet angle β 1 in the circumferential region θ<70°. On the other hand, the static pressure of casing 2 with the inclination angle Θ=0° at the rotor outlet was the lowest. This could be related to the fact that the external flow was separated from the casing side wall and the outlet flow from the rotor flowed without the influence of the external flow. In other cases with different inclination angles, the static pressure at the rotor outlet was higher than that at Θ=0° because the outlet flow direction from the rotor was converted forcibly by the external flow. The static pressure at the rotor outlet was the highest, especially in the case of Θ=30°, because of the significant influence of the external flow and the power coefficient decreased as compared to the case of Θ=15°. Further, it is considered that the high pressure region near θ=190° was influenced by the leakage flow from the clearance between the rotor and the casing.
Power characteristics and internal flow patterns of the symmetrical casing with side boards
The power coefficient decreased in the case of casing 2 with Θ=30° compared with that in the case of Θ=15°. This decrease in performance was caused by the influence of the external flow on the outlet flow from the rotor and the decrease in the incoming flow to the rotor. Therefore, in order to suppress the influence of the external flow on the rotor outlet flow condition and increase the inflow rates, side boards (1) and (2), shown in Fig.4 , were installed on casing 2. Figure 13 shows the performance curves under the condition that the side boards were installed at s=0mm and the casing inclination angles were Θ=0°, 15° and 30°. Further, the streamlines in the case of Θ=30° obtained by the numerical flow analysis are shown in Fig.14. It was observed from Figs.13(a) and 14 that the outlet flow condition of the inclination angle Θ=30°, in which the external flow influence was large at the rotor outlet in the case without the side board, was improved by the installation of side board (2), the inflow flow rates increased as the number of streamlines at the rotor inlet increased, and the maximum power coefficient was improved to C pmax =0.17. However, the power coefficients in the case of Θ=0° and 15° decreased as compared to in the case without the (1) . Therefore, the side board was installed at s=140mm, and the performance curves and the internal flow condition at Θ=0°, 15° and 30° were investigated. Figure 15 shows the performance curves with the side boards at s=140mm. It was found that power characteristics in all cases of Θ=0°, 15° and 30° were improved by installing side boards at s=140mm. The maximum power coefficient of Θ=30° was the highest as C pmax =0.19, which was approximately 1.9 times of the value in the case without the casing. The streamlines in the case of Θ=30° with the side board at s=140mm obtained by the numerical flow analysis are shown in Fig.16 . By focusing on the streamlines in the case of Θ=30° in Fig.16, we observed that the influence of the external flow on the flow at the rotor outlet was small because of the effect of side board (2), although side board (2) was placed far from the rotor outlet at s=140mm. Figures 17 and 18 represent the circumferential distributions of the relative flow angle β at the rotor inlet obtained by the numerical flow analysis and the static pressure P s at the rotor outlet measured by a one-hole pitot tube under the condition that the side boards were placed at s=140mm and the tip speed ratio was λ=0.47. Further, the circumferential distributions of the absolute velocity V and its circumferential component at the rotor inlet are shown in Fig.19 . By focusing on the relative flow angle with and without the side boards in Figs.11 and 17, we observed that the relative flow angle in the case with the side boards exhibited a value closer to the rotor's inlet angle in the circumferential region θ≥ 70° and exhibited similar tendency between both cases in the circumferential region θ<70° even though there was a slight difference. Moreover, the maximum power coefficient was obtained in the case with side boards and inclination angle Θ=30°; however, the relative flow angles in the case with side boards at s=140mm and inclination angle Θ=15° indicated a value closest to the rotor inlet angle. This would be because of the fact that the absolute velocity V and the circumferential velocity component V t at the rotor inlet for the case with side boards at s=140mm and inclination angle Θ=30° were large as compared to the other cases, as described in Fig.19 . Furthermore, the static pressure P s with side boards at Θ=30° was considerably low as compared to the other case without side boards at Θ=30°, as shown in Fig.18 , and the suppression of the influence of the external flow on the outlet flow of the rotor by side board (2) was confirmed. It is considered that the significant increase in the power coefficient in the case with side boards and Θ=30° was achieved because of these effects. 
Concluding remarks
In order to improve the performance of the cross-flow wind turbine, symmetrical casings were proposed and a performance test was conducted. Furthermore, the turbine's flow field was investigated by experimental and numerical flow analyses, and the following concluding remarks were obtained.
(1) The inlet and the outlet flow conditions were improved and the power coefficient increased by 1.7 times as compared to that of the rotor without a casing, owing to the adoption of the symmetrical casing and inclination of the casing against the main flow.
(2) In order to improve the power coefficient, it is important to ensure that the relative flow angle at the rotor inlet is close to the blade inlet angle to suppress the influence of the external flow on the outlet flow from the rotor and to increase the incoming flow rates by decreasing the static pressure at the rotor outlet.
(3) Incoming velocity at the rotor inlet increased upon the installation of side boards at an adequate position on the symmetrical casing. The power coefficient of the cross-flow wind turbine with side boards at the inclination angle Θ=30° increased by approximately 1.9 times as compared to that of the rotor without the casing.
